The origin of dolomite is an old and persistent problem in the Earth sciences. The mineral is distributed throughout the geologic record where it clearly formed at low temperatures and near the Earth's surface, yet dolomite cannot be easily precipitated from aqueous solutions at room temperature (Land, 1988) . Recently, this problem has garnered new interest among geochemists who emphasize kinetic control of ordering and growth by the mineral surface chemistry (Brady, Krumhansl, and Papenguth, 1996) , and synthesis of large amounts of experimental data has led Arvidson and Mackenzie (1999) to propose a global rate law based, in part, on the equilibrium saturation state, which is poorly known.
Here we take a multifaceted approach to estimate thermodynamic properties of dolomite by combining electrochemical cell measurements and theoretical calculations. As we show, electrochemical cells can be designed to take advantage of metastability in the system in order to estimate the Gibbs energies of formation. These values can be checked for accuracy by comparing them to the enthalpies of reaction derived from drop-solution calorimetry (Chai, Navrotsky, and Reeder, 1995) , because the entropies of ordering are calculable and small. Furthermore, new models of the thermodynamic properties of carbonate minerals allow us to calculate the Gibbs energy to form dolomite from first principles. Rock (1998a,b, 1999) provided a novel approach for estimating the Gibbs energies of mixing in calcitestructure carbonate minerals. In this paper, we modify that approach to allow thermodynamic calculations on dolomite.
electrochemical cell measurements
The diagram for the electrochemical cell used to determine the Gibbs energy of formation of dolomite is as follows: 
HgCl 2 ͑s͒ ϩ 2e
The sum of eqs 2 and 3 yields the postulated equation for the net cell reaction:
Cd͑Hg͒ ϩ Ca 0.50 Mg 0.50 CO 3 ͑s͒ ϩ HgCl 2 ͑s͒ ϭ 2Hg͑l͒ ϩ CdCO 3 ͑s͒ ϩ 0.50Ca
Application of the Nernst equation to eq 4 and introduction of mean ionic activity coefficients yields:
From the measured values of E and T at known values of m 1 , m 2 , and the values of ␥ Ϯ for CaCl 2 (aq) and MgCl 2 (aq) in the mixed electrolyte cell solutions, the value of E°for reaction (4) can be calculated. The electrochemical cell data are given in table 1. The details of the cell construction and measurement methods have been described in Rock and others, 1994; Casey and others, 1996; and McBeath and others, 1998 . The activity coefficients of CaCl 2 (aq) and MgCl 2 (aq) as mixed electrolytes in the cell solutions were calculated using the measured molalities of these substances and the PHRQPITZ speciation program (Plummer and others, 1988) . The results were checked with the corresponding directly measured ␥ Ϯ mixed electrolyte solution values reported by Phutela and others (1987 
The value of ⌬S°r xn for (6) is essentially zero, because the two-dimensional layered structure for CaMg(CO 3 ) 2 (s) gives rise to a ⌬S°m ix value of order k ⅐ ln2 rather than R ⅐ ln2 (Capobianco and Navrotsky, 1987) . Thus, ⌬G°r xn (eq 6) ϭ ⌬H°r xn (eq 6) to a very high degree of accuracy. The measured calorimetric results of Capobianco and Navrotsky (1987) theoretical calculations of the formation enthalpy of dolomite A theoretical method for calculating the enthalpy of formation of ordered dolomite (Ca 0.5 Mg 0.5 CO 3(s) ) from calcite and magnesite has been devised by extending the lattice energy calculation technique for pure carbonate minerals developed by Mandell and Rock (1998b) . Input data for the calculation includes experimental lattice parameters and refractive indices for dolomite, along with theoretical lattice energies of calcite and magnesite determined in a previous work (Mandell and Rock, 1998b) . 
Electrochemical cell data. Sample 1 is from Selasvan, Norway and Sample 2 is from Eugui, Spain electrochemical cell measurements and theoretical calculations
The theoretical method of calculating the lattice energy (⌬U, kJ ⅐ mol -1 ) of dolomite (Ca 0.5 Mg 0.5 CO 3(s) ) closely parallels the technique employed for the ⌬U calculation of pure calcite-structure metal carbonates (Mandell and Rock, 1998a, b) . Both calculational procedures require experimentally determined lattice parameters and refractive indices as input, and both procedures separate ⌬U into the following three components:
Before eq (7) can be applied, however, there are three important intermediate quantities that must be determined: the two components of the oxygen atom polarizability (␣ oxy // and ␣ oxy Ќ ) and the partial charge on oxygen (Q oxy ). Calculation of ␣ oxy // and ␣ oxy Ќ is accomplished by the Lorentz Local Field Method, which is summarized by the equations below (see Mandell and Rock, 1998a) :
The quantities, n ␤ , R j␤ , and N j , represent the refractive index of the crystal in the ␤ direction, the susceptibility of the j th atomic sublattice in the ␤ direction, and the number of j type atoms in the crystal per unit volume, respectively. The polarizability of the j th atom type in the ␤ direction is given by ␣ j␤ , while T jk␤ represents the electric field in the ␤ direction at the reference atom of type j due to all type k unit dipoles pointed in the ␤ direction. For a pure metal carbonate (MCO 3(s) ), j and k each have two possible representations (that is, M or O), which transform eqs (8) and (9) into a Table 2 Gibbs energies of formation of dolomite from the elements at 25°C, 1 bar Table 3 Gibbs energies of formation of magnesite, MgCO 3 (s), from the elements at 25°C, 1 bar total of six equations in six unknowns. The carbon atom sublattice is neglected due to its small polarizability. In the case of dolomite (Ca 0.5 Mg 0.5 CO 3(s) ), however, j and k each possess three forms (that is, Ca, Mg, or O), which transform eqs (8) and (9) into eight equations in eight unknowns. Solving these equations allows ␣ oxy // and ␣ oxy Ќ to be found for dolomite. Table 4 contains these results along with the relevant input data.
Finding the value of Q oxy for the crystal requires using Gaussian94 (Frisch and others, 1995) as a tool to gather data for the dependence of ␣ oxy // on Q oxy (see Mandell and Rock, 1998a) . Mulliken population analysis with the 6-31ϩϩG* basis set is used to calculate Q oxy values, while the uncoupled, perturbed, Hartree Fock method is used to compute the corresponding values of ␣ oxy //. . Because we have already found the value of ␣ oxy // via the Lorentz Local Field Method, we can determine Q oxy by inspecting the Gaussian94 results, which correlate ␣ oxy // to Q oxy. . Using this method, Q oxy for dolomite is found to be equal to -0.9784.
With Q oxy found, we can now use eq (7) to calculate the lattice energy of dolomite. Computation of the electrostatic component of ⌬U (that is, ⌬U electrostatic ) is accomplished by summing pairwise "point-charge" potentials of the crystal ions until convergence is achieved. Under this technique, the carbonate-ion is treated as a collection of four point-charges with a total net charge of -2. Evaluation of ⌬U polarization is done by calculating the energy of all the permanent oxygen dipoles that reside in the crystal. A Table 4 Summary of dolomite (Ca 0.5 
Mg 0.5 CO 3 (s)) lattice energy calculations. Parameters a and c represent the lattice constants of dolomite, while R(C-O) is the carbon-to-oxygen distance in dolomite
self-consistent approach (Mandell and Rock, 1998b ) is used here to first determine the magnitude and direction of all the permanent oxygen dipoles. We then employ the following equation (Mandell and Rock, 1998b) to calculate the polarization energy in the solid metal carbonate:
where p oxy ␥ is the dipole moment of the reference oxygen atom in the ␥ direction.
Using an earlier result of -69.36 kJ ⅐ mol -1 (Mandell and Rock, 1998b) for the polarization energy of gas-phase cluster, CO 3 2-(g) , allows ⌬U polarization to be expressed as:
Calculation of the repulsive segment of the lattice energy (that is, ⌬U repulsive ) is accomplished by using the Slater repulsive potential (Slater, 1939) along with the equilibrium condition,
where R is the distance of closest approach between M 2ϩ and CO 3 2-in the crystal, and R e is the equilibrium value of R. For dolomite, the value of R is the same whether we consider the distance between Ca 2ϩ and CO 3 2-or the distance between Mg 2ϩ and CO 3 2-. Table 4 contains the value of ⌬U repulsive for dolomite along with the other lattice energy components.
With the lattice energy of dolomite found, we can now calculate a theoretical enthalpy of formation of dolomite (Ca 0.5 Mg 0.5 CO 3(s) ) from calcite and magnesite. The relevant reaction is:
͒MgCO 3͑s͒ 3 Ca 0.5 Mg 0.5 CO 3͑s͒ (13) Using previously calculated ⌬U values for calcite and magnesite (Mandell and Rock, 1998b) along with the standard thermodynamic relationship,
we obtain a value of -6.32 kJ ⅐ mol -1 for the theoretical enthalpy of formation of dolomite (Ca 0.5 Mg 0.5 CO 3(s) ) from CaCO 3(s) and MgCO 3(s) at room temperature. Because the pressure-volume term in eq (14) makes a contribution to ⌬H on the order of 10 -5 kJ/mol, and because ⌬S (eq 13) is negligible, as discussed earlier, ⌬G (eq 13) Х ⌬H (eq 13) Х ⌬U (eq 13). Hence, our theoretical value for ⌬G f°[ CaMg(CO 3 ) 2(s) ] is -2148.90 kJ ⅐ mol -1
. From solution calorimetry experiments at 85°C (Navrotsky and Capobianco, 1987) , the enthalpy of formation of dolomite (Ca 0.5 Mg 0.5 CO 3(s) ) from calcite and magnesite was found to be -5.74 Ϯ 0.25 kJ ⅐ mol -1 , which corresponds to a value of -2147.74 kJ ⅐ mol -1 for ⌬G f°[ CaMg(CO 3 ) 2(s) )]. Our electrochemical cell measurements yield a ⌬G°r xn value of -5.78 Ϯ 1.10 kJ ⅐ mol -1 when applied to eq (13). Crystal structure determinations of dolomite have shown that the carbonate-ion is planar in the lattice environment (Reeder, 1983) . By conducting a series of theoretical ⌬U calculations on dolomite for varying degrees of CO 3 2-non-planarity (see fig. 1 ), we have shown that dolomite is most stable when CO 3 2-is approximately planar. This result further supports the validity of our theoretical lattice-energy-calculation technique. It is important to note that our calculated value of ⌬U(eq 13) (that is, -6.32 kJ ⅐ mol -1 ) possesses significantly greater reliability than any of our individual lattice energy calculations for calcite, magnesite, and dolomite. The sensitive parameter in these calculations is commonly the ion polarizabilities, but errors in ion polarizabilities appear in both the product and reactants of eq (13), and errors in the individual lattice energies tend to cancel each other. For example, our calculated lattice energy of calcite decreases by approx 27 kJ ⅐ mol -1 if we change the calcium ion polarizability from 1.1Å 3 to 1.05Å 3 . However, the calculated value of ⌬U(eq 13) decreases by only 0.32 kJ ⅐ mol -1 when we implement the above change in the calcium ion polarizability, since the calcium ion is present both in calcite and dolomite.
We believe that other sources of error in our lattice energy calculation scheme are mutually compensated when we calculate ⌬U(eq 13). For example, we treat the carbonate ion as a collection of four point charges when computing the electrostatic component of the lattice energy. While this approximation probably reduces our accuracy for a single lattice energy calculation to a certain extent, we believe that its effect on the calculated value of ⌬U(eq 13) is much less. This claim can be qualitatively supported if we make the assumption that the above approximation will have an impact that is roughly equal (in magnitude and sign) for each of the three lattice energy calculations required to compute ⌬U(eq 13). Cancellation of errors will occur under these circumstances.
To compare the energetic difference between dolomite and a 50:50 random mixture of calcite and magnesite (that is, Ca 0.5 Mg 0.5 CO 3(ss) ), lattice energy calculations were performed on this solid solution, Ca 0.5 Mg 0.5 CO 3(ss) , via the technique described in Mandell and Rock (1999) . Lattice parameter data for the Ca 0.5 Mg 0.5 CO 3(ss) (a ϭ 4.8050Å and c ϭ 16.061Å) were obtained from Goldsmith, Graf, and Heard (1961) , while the refractive indices for Ca 0.5 Mg 0.5 CO 3(ss) were calculated by two separate methods -Lorentz/Lorenz (LL) and Gladstone/Dale (GD) (see Mandell and Rock, 1999) . Both of these methods provide an estimation of the refractive indices of a solid solution based upon the refractive indices of the corresponding endmembers.
As stated previously, our lattice energy calculation method requires two primary types of input data -lattice parameters and refractive indices. Because we have two methods of calculating the refractive indices for Ca 0.5 Mg 0.5 CO 3(ss) , we obtain two values of ⌬U for Ca 0.5 Mg 0.5 CO 3(ss) . With the Lorentz/Lorenz technique we find that ⌬U(Ca 0.5 Mg 0.5 CO 3(ss) ) ϭ -3036.28 kJ ⅐ mol -1 , while the Gladstone/Dale method yields conclusions Independent methods of estimating the energetics of mixing one mole each of magnesite and calcite to form a mole of dolomite have converged on a common value. Electrochemical measurements yield ⌬G°r xn of -11.56 Ϯ 2.20 kJ ⅐ mol -1 for eq (6) and calorimetric results of Capobianco and Navrotsky (1987) 
